After a period of a certain indifference, in which synthetic compounds were favored, the interest in the study of the biological properties of plants and the active principles responsible for their therapeutic properties has been growing remarkably. Geranium robertianum L., commonly known as Herb Robert or Red Robin, is a spontaneous, herbaceous plant that has been used for a long time in folk medicine of several countries and in herbalism's practice for the treatment of a variety of ailments. Herein, we present a comprehensive review on the phytochemical characterization and the biological activities of this species, which, accompanying the remarkable increase of its use in herbal medicine, has been disclosed in the literature mainly in the last decade.
Introduction
The knowledge related to the popular uses of plants is based on thousands of years of experience. In the constant search for their wellbeing, humans learned, by trial and error, to recognize useful plants, including those playing a magical-religious function (Camejo et al., 2003) .
As a result of the accumulated empirical information, the most effective plants in controlling or curing diseases have been selected (Cunha et al., 2010) .
The knowledge concerning the use of plants for medicinal purposes was highly valued in ancient civilizations. Until the mid-nineteenth century, plants were the main therapeutic agents used by humans, and still have an important role in medicine (Camejo et al., 2003) . The difficulty or inability to find adequate and affordable solutions for the treatment of various diseases, including cancer, HIV/AIDS, diabetes, hepatitis, allergies, and mental disorders, has driven conventional and traditional medicines in the search for new phytochemicals and other natural products for their prevention and/or treatment, as well as for health promotion in general (Slikkerveer, 2006) .
The discovery of new active molecules is based on the knowledge inventoried by the methodologies of ethnobotany and etnopharmacology (Gomes, 2005; Maciel et al., 2002) , disciplines which are essential to secure vegetable raw material for the production of phytotherapeutic products and for the isolation of new drugs and/or lead compounds (Foglio et al., 2006; Gomes, 2005) . In the search for new bioactive natural molecules, preference is naturally given to the study of plants that, for their use in folk medicine, have already shown to display pharmacological activity (Montanher et al., 2002) . Part of this activity comes from the high capability of these species to scavenge free radicals responsible for cell damage (Mantle et al., 2000) .
In many developing countries, the primary health care of a large part of the population relies greatly on traditional practitioners and medicinal plants and, although modern medicine may be available in those countries, herbal medicines have often maintained popularity for historical and cultural reasons (WHO, 1999) . In developed countries, after a period of indifference in which synthetic compounds were favored, the interest for herbalism resurged in the beginning of the last quarter of the 20 th century, mainly in Germany, France and the United Kingdom, later passing to other European countries and to North America (Cunha, 2005; WHO, 2002 WHO, , 2010 , and keeps growing.
Geranium robertianum L., commonly known as Herb Robert or Red Robin, has long been used in the folk medicine of several countries and in herbalism's practice for a number of different therapeutic purposes. This medicinal plant owes its popularity to the use as remedy for a variety of digestive system disorders, and also to a series of properties such as anti-inflammatory, haemostatic, antidiabetic, antibacterial, antiallergic, anti-cancer and diuretic often ascribed to it.
rounded petals arranged radially around the superior ovary. Flowers contain 10 anthers and 10 ovules, and individual plants typically produce fewer than the full 10 seeds. Fruits resemble a crane's beak (Frey and Bukoski, 2014; Gruenwald et al, 2000; Miller, 2004; Pedro et al., 1990; Tofts, 2004) .
Medicinal uses of Geranium robertianum L.
G. robertianum has been used for a long time in the folk medicine of several countries in different preparations, for a multitude of therapeutic purposes (Table 1) . Its anti-inflammatory, haemostatic, antidiabetic, antibacterial, antidiarrhoeic, antiallergic, anti-cancer, antihepatotoxic, diuretic and tonic properties, as well as its suitability for the treatment of digestive system ailments has made this species very appreciated in herbal medicine.
Phytochemical characterization
The chemistry of Geranium genus is reasonably well-known and clearly dominated by phenolic constituents (Harborne and Williams, 2002) , the most studied classes of compounds being tannins, flavonoids and phenolic acids. The phytochemical caracterization of Geranium robertianum L. has been focused mostly on the investigation of solid-liquid extracts of the plant, with special emphasis on phenolic compounds, particularly flavonoids. Studies concerning the essential oils of this species are still scarce.
3.1. Solid-liquid extracts 3.1.1. Tannins
According to Hegnauer's dictionary of plant chemistry (Hegnauer, 1966) tannins were the first phytochemicals to be reported in G. robertianum. The Geraniaceae family is known to be rich in tannins (Bate-Smith, 1973a) and G. robertianum is not an exception (Igwenyi and Elekwa, 2014; Paun et al., 2014; Piwowarski et al., 2011) .
Although the structures of the tannins in most Geranium species are largely unknown (Okuda et al., 1980) , the presence of ellagitannins, a class of hydrolysable tannins containing hexahydroxydiphenic (HHDP) acid (1) units esterified to a core polyol, has been reported based on the detection and quantification of ellagic acid (2) (Ascacio-Valdés et al., 2011) . In leaves and other tissues there seems to be little if any free ellagic acid (Bate-Smith, 1973a ) but this is readily produced by the spontaneous lactonization of the HHDP esters upon acid hydrolysis in aqueous solution and, therefore, it is considered mostly as product of the hydrolysis of ellagitannins in plants (Scheme 1). The ellagitannin content of an aqueous-methanolic extract of G. robertianum from Cambridge (England), expressed in terms of hexahydroxydiphenylglucose (HHDPG), was found to be 5% (HHDPG/dry weight) (Bate-Smith, 1972) . Ellagitannins are endowed with several beneficial biological activities (Landete, 2011; Lipińska et al., 2014) .
The main hydrolysable tannin in Geranium genus is geraniin (3) (Harborne and Williams, 2002; Okuda et al., 1980) , formed by one hexahydroxydiphenic acid unit (HHDP), one unit of dehydrohexahydroxydiphenic acid (DHHDP) and one gallic acid unit linked to a glucose molecule (Figure 1 ). Geraniin was first isolated from the tannin-rich plant Geranium thunbergii Sieb. et
Zucc., a medicinal plant with long tradition as remedy for intestinal disorders in Japan popular, by Okuda et al. (1976) , as a crystalline solid devoid of astringency. Since its discovery, geraniin has been identified as a constituent in extracts of a number of plants of various families, particularly medicinal plants, and it has been showed to be endowed with a range of beneficial bioactive properties (Pereraa et al., 2015) . Geraniin has been identified in acetone/water extracts from the leaves of Geranium robertianum native from Japan to as much as 9.8% (Okuda et al., 1980) .
Geraniin was also identified in aqueous extracts of specimens harvested in Poland (Piwowarski et al., 2014) .
Plants of the Geranium genus contain both hydrolysable and condensed tannins (proanthocyanidins). Their distribution in the various organs differs substantially, condensed tannins occurring mainly in the rootstocks (Bate-Smith, 1973b) , while in the leaves ellagitannins seem to predominate (Harborne and Williams, 2002) . Although no detailed phytochemical studies have yet been carried out concerning condensed tannins of Geranium species, it is likely that procyanidins are a common type (Harborne and Williams, 2002) . To date the only data related to condensed tannins in G. robertianum seems to have been reported by Ben Jemia et al. (2013) who determined the proanthocyanidins content in a methanol extract of plants native from Tunisia to be 0.86 mg catechin equivalents/g dry weight. This very low amount of tannins was attributed to the low extractability of methanol.
Phenolic acids
Ellagic acid found in plants is believed to result mostly from the hydrolysis of endogenous ellagitannins (Bate-Smith, 1973a) and is commonly used to indirectly ascertain the existence and quantification of the later compounds (Ascacio-Valdés et al., 2011) . Ellagic acid has been detected frequently, sometimes in considerable amounts, in different extracts of G. robertianum (Bate-Smith, 1962; Kobakhidze and Alaniya, 2004; Neagu et al., 2013; Paun et al., 2014; Santos et al., 2013) . Fodorea et al. (2005) observed an increase in the amount of ellagic acid in an aqueous ethanolic extract of specimens from Romania upon hydrolysis demonstrating indirectly the presence of ellagitannins in the plant.
Gallic acid (4), which is a presumed precursor of ellagic acid and a key unit of gallotannins, the simplest hydrolizable tannins, has been frequently detected in different extracts of the plant in relatively high amounts (Kobakhidze and Alaniya, 2004; Neagu et al., 2013; Paun et al., 2014) ( Figure 2 ).
Together with ellagic acid, these are the two main phenolic acids of G. robertianum and commonly found in Geraniaceae species (Ávila et al., 2013; Bate-Smith, 1962; David and Giannasi, 1988) . Gallic and ellagic acids are two endogenous plant phenolic compounds whose inhibitory effect on carcinogenesis is documented (Verma et al., 2013; Zhang et al., 2014) . The 3,5-dimethyl ether of gallic acid (syringic acid) (5) was also detected in a commercial aqueous ethanolic extract of this species (Amaral et al., 2009) .
G. robertianum contains other phenolic acids also resulting from the shikimate biosynthetic pathway such as ferulic acid (6a) and its precursor, the caffeic acid (7) (Bate-Smith, 1962; Fodorea et al., 2005; Kobakhidze and Alaniya, 2004; Paun et al., 2011; Paun et al., 2012) . Ferulic acid was additionally detected as methyl (6b) and ethyl (6c) esters (Amaral et al., 2009) . Chlorogenic acid (8), which is the ester of caffeic and (-)-quinic acids, was also detected in the decoction of G.
robertianum leaves (Santos et al., 2013) . Caftaric acid (9), formed when caffeic acid and tartaric acid undergo esterification, was detected in an aqueous ethanolic extract of a sample from Romania (Fodorea et al., 2005) . Caffeic acid, which was not detected in the later extract, was found in an acid hydrolysed methanolic extract of the same plant sample, thus indicating the existence of bi-or polycaffeoil derivatives. The inexistence of caffeic acid in some extracts is not unusual (Neagu et al., 2013; Paun et al., 2014) .
Flavonoids
Geranium genus exhibits a wide range of flavonoid pattern, quercetin (10a) and kaempferol (11a) being present in almost every species (Bate-Smith, 1973b; Ivancheva and Petrova, 2000) ( Figure 3 ). Variation in the relative amounts of these two flavonols is to some extent correlated with the geography of the genus (Bate-Smith, 1973b ).
Flavonoids constitute the main compounds found in G. robertianum (Table 2 ) and can be found in relatively high amounts (Igwenyi and Elekwa, 2014; Ben Jemia et al. 2013; Neagu et al., 2010a; Paun et al., 2011; Paun et al., 2012; Paun et al., 2014) . Within this class of secondary metabolites, flavonols, namely, quercetin and kaempferol, are predominant. The first description of flavonoids from G. robertianum appears to be an early study by Bate-Smith (1962) who identified by paper chromatography those two compounds in the leaves hydrolysate of the plant.
Quercetin and kaempferol occur in G. robertianum either as aglycones or in glycosidic combination. Kartnig and Bucar-Stachel (1991) The flavonol glycosides rutin, quercitrin and kaempferol-3-O-rhamnoside (11e) were also isolated from a methanol extract of G. robertianum native from Bulgaria (Ivancheva and Petrova, 2000) . This extract also yielded several methoxy derivatives of kaempferol and quercetin:
kaempferol 3-methyl ether (isokaempferide) (11f), kaempferol 4'-methyl ether (kaempferide) (11g), kaempferol 3,7,4'-trimethyl ether (11h), quercetin 3,7-dimethyl ether (10i), quercetin 3,3'-dimethyl ether (10j), and quercetin 3,7,3'-trimethyl ether (pachypodol) (10k).
Quercetin-3-O-galactoside (hyperoside) was also found in the ethyl acetate extract of the aerial parts of G. robertianum from Georgia (Kobakhidze and Alaniya, 2004) and in ethanol/water (50/50) extracts of specimens native from Romenia, together with isoquercitrin and rutin (Fodorea et al., 2005) . In this later study the existence of quercetin and kaempferol in glycosidic combination was additionally ascertained indirectly by the increase of their amounts after hydrolysis.
Other constituents
Other non-phenolic compounds have also been found in G. robertianum extracts and occasionally quantified. Rybak and Rudik (2013) found small amounts of lectins, a class of carbohydrate-binding proteins displaying numerous important biological activities, including anticancer properties (Teixeira et al., 2012) , in the rhizomes of G. robertianum native from Ukraine. The lectin content, determined by the reaction of hemagglutination of human erythrocytes, was observed to increase during seasonal growth.
Individual alkaloids from G. robertianum have not hitherto been reported. However, Hultin and Torssell (1965) detected the presence of alkaloids in dried Swedish plants by a semiquantitative method. Recently, using the Harborne procedure (Harborne, 1973) for quantification of alkaloids, Igwenyi and Elekwa (2014) determined the total amount of alkaloids in an aqueous extract of fresh leaves of plants native from Nigeria to be 1.20 ± 0.10 mg/100 g.
The later authors also determined the content of other secondary metabolites such as glycosides (0.20 ± 0.06 mg/100 g) and saponins (1.43 ± 0.06 mg/100 g) in the same extract.
Saponins were also detected in aqueous extracts of the plant (Paun et al., 2011) .
Malic and citric acids were found in G. robertianum but tartaric acid was not detected (Hegnauer, 1966) , although it occurs regularly in members of the Geraniaceae family (Stafford, 1961) .
The nutritional characterization of G. robertianum has been rarely addressed. Neagu et al.
(2010a) determined the content of proteins (1.117-2.242 µg/mL) and reducing sugars (257.2-479.5 µg/mL) of several aqueous ethanolic extracts (50%, 70% and 96% ethanol) from the leaves of plants harvested in Romania (herbal mass concentration in the solvent 8%, 10% and 15%). The amount of both nutrients was found to be correlated, although not always consistently, with the herbal mass concentration and composition of the solvent mixture. Reducing sugars, polysaccharides, proteins and amino acids were also found in aqueous extracts of the plant (Paun et al., 2011) .
Leaves of G. robertianum native from Cardiff (United Kingdom) were found to contain a relatively high amount of ascorbic acid (vitamin C) (Jones and Hughes, 1983) . The determined content (156.8 mg/l00 g) was close to the foliar mean ascorbic acid concentration of 213 angiosperm species. In an aqueous extract of fresh leaves of plants from Nigeria, besides vitamin C (14.76 ± 5.1 mg/100 g) other vitamins were recorded: vitamin A (1.44 ± 0.02 mg/100 g), vitamin B 1 (288.17 ± 0.12 mg/100 g), vitamin B 2 (818.21 ± 0.07 mg/100 g), vitamin B 3 (319.13 ± 0.12 mg/100 g) and vitamin E (0.016 ± 0.02 mg/100 g) (Igwenyi and Elekwa, 2014) .
Lutein, a carotenoid, was detected in infusions of the aerial parts of G. robertianum and quantified to as much as 92.3 mg/g dry weight (Loranty et al., 2010) .
G. robertianum has a good capacity to exploit the mineral elements of the soil, which results in significant amounts of mineral elements accumulated in plants (Stratu et al., 2011) . The foliage of specimens from England was referred to contain high concentrations of Ca, Na and Fe (Grime et al., 1988) . Aqueous and hydro-alcoholic extracts of plants native from Romania were also screened for dietary elements and Ca, Mg, Mg, Zn and Fe were found to be present in reasonable amounts (Table 3 ) (Paun et al., 2012) .
Plants can contain heavy metals which they accumulate mainly as result of the pollution spread by anthropogenic activities and therefore herbal medicines can present important health risks (Locatelli et al, 2014) . The same aqueous and hydro-alcoholic extracts of plants native from Romania were additionally inspected for the toxic metals Pb and Ni, but none exceeded the limits recommended for medicinal plants (Paun et al., 2012) .
Essential oils
Compared to the extracts resulting from solid-liquid extraction, the essential oils from G.
robertianum have received much less attention. Conversely, due to the volatile nature of the constituents, their compositional analysis is far more extensive.
The first study describing the composition of the essential oil of G. robertianum was carried out by Pedro et al. (1992) . The oil was obtained from the aerial parts of plants native from the Netherlands, by hydrodistillation (Clevenger type), and it was verified by GC and GC-MS to be a complex mixture of more than 100 compounds, 72 of which could be identified (Table 4) More recently, the detailed compositional analysis of the volatiles isolated from extracts of G. robertianum (aerial and underground parts) native from Serbia, obtained by hydrodistillation (Clevenger type), was described (Radulović et al., 2012) . It was possible to identify by GC and GC-MS 152 compounds from the aerial parts (95.8% of the oil), and 53 compounds from the underground parts of the plant (98.0% of the oil) (Table 4) . Fatty acids and fatty acid-derived molecules predominated, constituting 49.2% of the aerial parts oil and 93.4% of the underground parts oil. The most abundant components in the G. robertianum oils were hexadecanoic acid (palmitic acid), pentacosane, hexahydrofarnesyl acetone (19) and caryophyllene oxide (20).
Significant differences were observed in relation to the composition of the G. robertianum essential oil previously reported by Pedro et al. (1992) . The most abundant components of the later oil were not detected in the oil of aerial parts from Serbian plants (e.g. γ-terpinene, germacrene-D, limonene) except for linalool and geraniol, which were present in a much less extent (1.4% and trace amounts, respectively). It was suggested that the above-mentioned differences in composition are possibly due to the influence of environmental factors and/or genetic variability of the investigated populations.
Fatty acids were also found to be the dominant class of compounds in an essential oil obtained by hydrodistillation (Clevenger type) from the aerial parts of G. robertianum collected in the Midi-Pyrénées, France (Zhao, 2014) . Amongst the 32 compounds identified by GC-MS and GC-FID (80.6% of total volatile extracts), hexadecanoic acid (palmitic acid) (33.4%) was the major component (Table 4) . Dodecanoic acid (lauric acid) (10.3%), tetradecanoic acid (myristic acid) (7.0%) and (9Z,12Z)-octadecadienoic acid (linoleic acid) (3.7%) were the other main constituents of the oil.
These studies pointed to G. robertianum as an essential oil "poor" species (oil yields < 0.1%). Although a diversity of factors might influence the yield of an essential oil, the particularly low yields obtained may be directly related to a very deficient production of volatile secondary metabolites, which is consistent with the observed dominance of the oil composition by fatty acids, fatty acid-derived and/or carotenoid-derived compounds (Radulović et al., 2009; .
Biological activity
Geranium robertianum L. is commonly used in the folk medicine of several countries and in herbalism's practice for the treatment of a variety of ailments. Although its beneficial properties have long been recognized, the scientific evaluation of such properties has been only barely addressed. In the last decade, following the resurgence of the interest to herbal medicines, increasing attention has been given to the biological properties of this plant and several studies have been conducted aiming at assessing its various biological activities.
Antioxidant activity
The antioxidant ability of Geraniaceae species is reasonably well-known (Ávila et al., 2013; Camacho-Luis et al., 2008; Ismail et al., 2009; Nikolova et al., 2010; Şöhretoğlu et al., 2008; Şöhretoğlu et al., 2011; Sokmen et al., 2005) . It has been the most extensively studied biological activity of G. robertianum and the literature encompasses a number of reports on the antioxidant properties of this plant contemplating a diversity of geographic origins, parts of the plant used and evaluation methods (Table 5 ). The antioxidant activity is of particular importance given the proven beneficial role of antioxidants in human health (Sen and Chakraborty, 2011) .
The majority of the assessments have been performed using the popular DPPH (2,2-diphenyl-1-picrylhydrazyl) antioxidant assay based on the scavenging of the DPPH radical, and the antioxidant capacity quantified in different ways (EC 50 -effective concentration to scavenge 50% of the radicals, IC 50 -inhibition concentration of 50% of the radicals, TEAC -trolox equivalent antioxidant capacity, % of inhibition, etc.). Other methods for assessing the antioxidant capacity such as ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)), β-carotene bleaching inhibition, reducing power, and metal chelating activity assays have also been used, although in a much lower extent. Althoughresults regarding the antioxidant activity of G. robertianum from the various research groups were not comparable, since each antioxidant assay has a different mechanism, redox potential, reaction media, etc. (Apak et al., 2013) , the diverse authors are unanimous in referring the powerful antioxidant capacity of extracts.
Some comparisons with conventional antioxidants have been made that consubstantiate the above. For example, DPPH scavenging activity promoted by Trolox, a common standard for the antioxidant capacity of a substance, was observed to be only ca. 20%, against around 90% by concentrated aqueous and hydroethanolic G. robertianum extracts obtained by membrane processes (Paun et al., 2011; Paun et al., 2012) . In a β-carotene/linoleic acid bleaching assay, the inhibition capacity of a methanolic extract of G. robertianum (IC 50 = 6.8 ± 1.32 µg/mL) was found to be stronger than that of BHT (butylated hydroxytoluene) (IC 50 = 85 ± 0.11 µg/mL), an antioxidant food additive (Ben Jemia et al., 2013) . The same methanolic extract displayed a reducing power (EC 50 = 20 ± 4.53 µg/mL) higher than that of ascorbic acid (EC 50 = 40 ± 1.31 µg/L).
The antioxidant properties of plants are closely related to the presence of phenolic compounds, a large family broadly distributed in the plant kingdom and the most abundant secondary metabolites of plants (Dai and Mumper, 2010) . A direct relation between the phenolic content and the antioxidant ability of G. robertianum was also observed in several studies (Table 5), i.e., the higher the extract's polyphenolic content, the higher the antioxidant activity. Moreover, as ethanol and methanol are typically better solvents for polyphenols' extraction than water (Azmir et al., 2013) , the hydroalcoholic extracts of the plant invariably display higher antioxidant activity than the aqueous ones.
The polyphenolic content of the G. robertianum extracts and, consequently, their antioxidant capacity, could be improved, sometimes significantly, by the purification and concentration of different extracts by membrane-based procedures, namely microfiltration, ultrafiltration and nanofiltration (Neagu et al., 2010b; Neagu et al., 2013; Paun et al., 2011; Paun et al., 2012 , Paun et al., 2014 . Although membrane based filtration techniques have become an important industrial separation technique and has been applied extensively to various fields, single membrane techniques, such as micro-, ultra-and nanofiltration only recently started to be regarded as interesting techniques for the purification of natural products from plant sources due to their inherent advantages (Li and Chase, 2010) .
Antimicrobial activity
Investigation on the antimicrobial activity of G. robertianum was referred for the first time a decade ago (Hersch-Martínez et al., 2005) . A commercial essential oil, obtained by steam distillation, was tested against a number of locally prevalent pathogenic bacteria strains isolated from pediatric patients in Mexico, by the Kirby-Bauer agar diffusion method, but no significant activity was observed.
Another G. robertianum essential oil, also of commercial origin, was investigated by
Hungarian researchers and found to be relatively effective against Gram-positive Staphylococcus epidermidis and against two strains of Saccharomyces cerevisiae (Schelz et al., 2006) (Table 6 ). In both studies (Hersch-Martínez et al., 2005; Schelz et al., 2006 ) the parts of the plant used for the isolation of the essential oil was not mentioned.
In a more complete survey, the antimicrobial activity of essential oils of G. robertianum (aerial and underground parts) native from Serbia, obtained by hydrodistillation (Clevenger type), was evaluated against a panel of microorganisms including several Gram-positive and Gramnegative bacterial strains, and fungal strains (Table 6) , which are very common molds in human habitats and also responsible for human respiratory allergic diseases (Radulović et al., 2012) . The oil from the underground parts revealed higher antibacterial and antifungal activity than the one from the aerial parts, the former having found only one resistant strain (Salmonella enteritidis
ATCC 13076) at the tested concentrations. The G. robertianum oils studied exhibited the strongest activity against Escherichia coli and Aspergillus fumigatus. The resulting microbicidal activities were attributed to the presence of the main oils constituents that have established antimicrobial properties such as caryophyllene oxide, phytol and hexadecanoic acid.
An aqueous extract of commercially available G. robertianum (whole plant) was observed to display bactericidal action against two closely related species of Streptococcus mutans and Streptococcus sobrinus, associated to human cariogenesis (Lima, 2009 ). The determined MICs (minimum inhibitory concentrations) are at least of the same order as those of other medicinal plants commonly used in the treatment and prevention of oral diseases such as caries and dental plaque (Alviano et al., 2008; Song et al., 2006 , Tsai et al., 2007 .
The antimicrobial activity of G. robertianum was also tested against Mycobacterium tuberculosis H 37 Rv, the best-characterized strain of this pathogen. However, in a survey of the antimycobacterial activity of 107 plants from Turkey, a 70% aqueous ethanol extract from the aerial parts of plant did not display any relevant activity amongst the studied specimens (Tosun et al.,
2005).
Recently, the antimicrobial efficacy of herbal drops composed of essential oils of G.
robertianum, Syzygium aromaticum L. and Lavandula angustifolia Mill. in patients with acute external otitis, a condition caused primarily by bacterial infection, with Pseudomonas aeruginosa
and Staphylococcus aureus being the most common pathogens (Schaefer and Baugh, 2012) , was investigated and compared to that of ciprofloxacin, a widely used antibiotic for its treatment (Panahi et al., 2014) . The herbal composition was found to be as effective as ciprofloxacin 0.3% in terms of antibiotic effects, as well as alleviating pain and symptoms associated to acute external otitis.
Anti-inflammatory activity
The anti-inflammatory activity of a commercially available 50% aqueous ethanolic extract of G. robertianum was investigated for its ability to scavenge hypochlorous acid (HOCl), the major strong oxidant produced by neutrophils, which plays an important role in inflammation processes (Amaral et al., 2009 ). The extract was found to be moderately protective against HOCl with an IC 50 of 111.94 ± 1.79 µM (concentration able to inhibit 50% of HOCl-mediated 5-thio-2-nitrobenzoic acid oxidation) when compared to quercetin, a flavonol considered to be a very effective antioxidant (Silva et al., 2002) , which was used as positive control presenting an IC 50 of 34.22 ± 0.72 µM. The anti-inflammatory action of aqueous extracts of G. robertianum from Poland on human THP-1 cell line-derived macrophages was recently demonstrated (Piwowarski et al., 2014) . It was shown that the plant is a source of bioavailable gut microbiota metabolites, i.e. urolithins, which have a detrimental action on the pro-inflammatory functions of the macrophages, clearly indicating that in the case of the perioral use of the plant the bioactivity of gut microbiota metabolites has to be taken into consideration. Urolithins are well established as gut microbiota catabolites of dietary ellagitannins in various animals and are most likely the ultimate molecular species responsible for the health benefits usually atributed to ellagitannins and ellagic acid (Espín et al., 2013) . Geraniin, the main ellagitannin in the Geranium genus (Harborne and Williams, 2004; Okuda et al., 1980) , was observed to be a metabolic source of several urolithins exhibiting potent antioxidant activities, higher than that of the intact geraniin (Ito, 2011) .
4.4. Anti-hyperglycaemic activity Ferreira et al. (2010) evaluated the anti-hyperglycaemic effect of decoctions of G.
robertianum leaves from Portugal in Goto-Kakizaki rats, a non-obese spontaneous animal model of type 2 diabetes mellitus. The results showed that the oral administration of the decoctions over a period of four weeks lowered the plasma glucose levels in the diabetic rats. Additionally, it was demonstrated that the G. robertianum decoctions improved liver mitochondrial respiratory parameters and increased oxidative phosphorylation efficiency, which is particularly relevant since mitochondrial impairment is a common feature of several metabolic alterations, including diabetes mellitus (Sivitz and Yorek, 2010) .
Enzyme's inhibitory activity
The inhibitory activity of G. robertianum against the enzymes urease and α-chymotrypsin was recently demonstrated for aqueous extracts (Paun et al., 2014) . Urease is central to the virulence of Helicobacter pylori and hence plays an important role in the pathogenesis of peptic ulcers and gastric cancer (Follmer, 2010) . α-Chymotrypsin, a serine protease enzyme, is an important target for protease inhibitors, a well-established class of cancer chemopreventive agents (Kennedy, 1998) . Polyphenol-rich extracts, obtained by purification and concentration through membrane micro-and ultrafiltration, showed significant urease inhibition activity (91.96%) and moderate inhibition of α-chymotrypsin (ca. 50%). The authors suggested that the enzyme inhibitory effect is due to the synergistic actuation of the polyphenolic compounds present in the extracts.
Different polyphenols (present in extracts or as pure compounds) from natural origin have been reported to display inhibitory activity against urease (Modolo et al., 2015) and serine proteases (Ismail et al., 2012; Rachel and Sirisha, 2014 ).
An aqueous extract obtained from decoction of commercially available G. robertianum was also tested for the inhibition of acetylcholinesterase (Lima, 2009 ). This enzyme has been an important target of the strategy for the treatment of Alzheimer's disease, a neurodegenerative condition characterized by a cholinergic deficit (decrease of acetylcholine levels). The observed anticholinesterase activity (IC 50 = 765.9 ± 15.4 µg/mL) is not noteworthy when compared to that of other specimens (Adewusi, 2010; Mukherjeea, 2007) , although the majority of the studies regarding plants acetylcholinesterase inhibitory activity have been performed using methanol and ethanol extracts of the plants rather than water extracts.
Cytotoxic activity
Despite being used in the folk medicine of several countries for the treatment of cancer, the evaluation of the toxicity of G. robertianum against cancer cells has rarely been addressed.
Recently, Paun et al. (2012) assessed the cytotoxity of aqueous and 50% aqueous ethanolic extracts of G. robertianum plants from Romania purified and concentrated by membrane processes (micro-and ultrafiltration), against human epidermoid laryngeal carcinoma cells (Hep-2p) and normal monkey kidney cells (extract dose of 1.5 mg/L). The concentrated extracts displayed very low cytotoxicity against healthy cells (4.7 -22.3% in the 50% aqueous ethanolic extracts; 1.5 -9.2% in the aqueous extracts), but a significant cytotoxic effect on Hep-2p cancer cells (6.1 -25.9%
in the 50% aqueous ethanolic extracts; 0.9 -32.5% in the aqueous extracts). The highest selective cytotoxicity was showed by one of the aqueous extracts. The effect of the concentrated aqueous extracts on the viability of the HEp-2p cells was demonstrated to be dependent on the exposure time and concentration, the later playing a much more important role (Neagu et al., 2013) . A direct correlation between the cytotoxic effect and the polyphenols content of extracts could also be established. The ability of this important group of phytochemicals to inhibit cancer cell growth is now well recognized (Kampa et al., 2007) .
Conclusions
Following an intrinsic characteristic of its taxonomic genera, the phytochemistry of Geranium robertianum L. is clearly governed by phenolic constituents. To date, studies concerning the chemical characterization of G. robertianum have been directed predominantly towards solidliquid extracts, targeting with special emphasis phenolic compounds, particularly flavonoids. The compositional analysis of the essential oils has received lesser attention, but conversely, the number of identified compounds is considerably higher.
The scientific evaluation of the beneficial properties of G. robertianum for human health, which have long been recognized in folk medicine and herbalism, has being only barely addressed, mostly in the last decade, probably as a consequence of the growing interest on herbal medicines.
So far the established bioactive properties of G. robertianum such as antioxidant, antimicrobial, anti-inflammatory, anti-hyperglycaemic and cytotoxic activities, appear to be associated with the type and quantity of particular phenolic compounds present and seem to corroborate the beneficial properties of the plant ascribed by the traditional medicine.
Despite the number of compounds hitherto identified in G. robertianum, its full phytochemical complexity still remains to be explored. In parallel, much additional investigation is necessary to adequately understand the relation between the chemical composition and the biological properties, and to establish the molecular entities eventually responsible for the therapeutic properties attributed to this plant.
Song, Ju-H., Kim, Shin-K., Chang, Kee-W., Han, Seong-K., Yi, Ho-K., Jeon, Jae-G. (Pedro et al., 1992) ; B -Aerial parts of G. robertianum native from Midi-Pyrénées, France (Zhao, 2014). C -Aerial parts of G. robertianum native from Suva Planina Mountain, Serbia (Radulović et al., 2012) . D -Underground parts native from Suva Planina Mountain, Serbia (Radulović et al., 2012) . tr -Trace amounts (<0.05%). 
